The distorted Born iterative method (DBIM) is applied to solve electromagnetics and ultrasonics inverse scattering problems. First, we use the DBIM to process the data, which are the scattered elds from two-dimensional cylinders with arbitrary cross section. From this simulation, we con rmed that the rst-order Born approximation can be applied to larger objects as long as the phase change of a wave passing through the object due to its presence is smaller than a limit. Then we applied DBIM to process the ultrasonic measurement data. Images for a balloon and an egg that are immersed in water have been reconstructed and compared with those from the rst-order di raction tomography (DT).
I. INTRODUCTION
Ultrasonic imaging has been widely used in medical applications because it can provide spatial acoustic velocity variations, absorption and scattering properties of objects, and it is relatively safe compared to traditional radiography and X-ray computed tomography. There are a number of methods to reconstruct the ultrasonic images such as pulse-echo imaging, Doppler imaging, sonoelasticity imaging, and computed tomography. A detailed discussion about recent development in ultrasonic imaging techniques can be found in [1] [2] [3] . However, in practical applications, one of the main di culties in this technology is to perform quantitative tissue characterization 1].
Applications of ultrasonic computed di raction tomography demonstrated potential for tissue characterization 4]. This technique is based on the rst-order Born or Rytov approximation 5] and it is computationally e cient due to the fact that, under these approximations, the unknown object function is linearly related to the measured elds by a Fourier transform. Hence, the fast Fourier transform (FFT) can be used to convert the measured elds into an object function|the image. However, both the Born and Rytov approximations are good for weak scatterers only, i.e., the applications are limited to a small range of tissue parameter variations. Slaney et al performed extensive studies on the limitations of the rst-order Born and Rytov approximations 6] and showed that the rst-order Born approximation is valid only for objects for which the product of the relative refractive index and cylinder diameter is less than 0:35 0 . The rst-order Rytov approximation is valid with essentially no constraint on the size of the cylinder; however, the change of refractive index must be less than a few percent. The limitations of the Born approximation is due to multiple scattering e ects of objects with high contrast in the the dielectric permittivity. As a result, imaging methods with higher-order approximations (or nonlinear inverse methods) have been investigated and developed [7] [8] [9] [10] [11] [12] [13] [14] . The distorted Born iterative method (DBIM) is one of the higher-order approximations, Recently, we implemented the distorted Born iterative method and performed numerical simulations 11]. The algorithm was initially designed for imaging reconstruction with electromagnetic measurements. However, it can also be applied to process ultrasonic data. In this case, the object function is the parameter s which is de ned such that s 1= p , where k is the complex wave number, and is the relative density 18]. In this paper, we will show several processing results with this method using simulated data as well as measurement data.
It must be pointed out that higher-order solutions will generally be computationally intensive. Hence, with current computer resources, it is not e cient for interactive diagnosis application, especially in cases of imaging large objects.
The outline of this paper is as follows: We begin with a brief formulation of the method, followed by a description of the measurement set-up. For the numerical re-constructions, we rst give some examples to compare the performance of rst-order di raction tomography and the distorted Born approximation. These results can be considered as extensions to those in 6]. We then give the reconstructions using ultrasonic measurement data, and the reconstructions are compared with those obtained by applying di raction tomography to the same measurement.
II. FORMULATION
Electromagnetic waves and ultrasonic waves satisfy the same partial di erential equation in the linear regime. Therefore, in principle, inverse algorithms developed for electromagnetic waves can be used to process ultrasonic data. If nonmagnetic material is assumed, for instance, the 2D electromagnetic scattering problem for the E z polarization is mapped into the acoustic wave equation for the variable velocity. On the other hand, the 2D electromagnetic scattering problem for the H z polarization is mapped into the acoustic wave equation for the variable density.
Electromagnetic inverse scattering problems have been intensely studied for many years 10-12, [14] [15] [16] . There exist in the literature a number of nonlinear electromagnetic inverse algorithms that account for the multiple scattering within the scatterer. The multiple scattering e ect makes the inverse problem nonlinear. We will demonstrate the inversion of some ultrasonic data using electromagnetic inverse algorithms we have developed. We will compare the inverted images with linear inversion algorithms such as the di raction tomography (DT).
These inverse algorithms are driven by a forward solver. We use the conjugate gradient method (CG) to solve the forward scattering problem, in which the fast Fourier transform (FFT) is used to speed up the matrix-vector multiplication 22].
We restrict our discussion to two-dimensions, and assume the time dependency 
is the wave number, c(r) is the sound speed, (r) is the attenuation coe cient, (r) is the density, and ! = 2 f is the angular frequency.
Assuming that the incident wave (pressure) is inc (r), the scattered wave can then be expressed by an integral expression, Eq. (5) is a linear equation for the total eld (r), and is a nonlinear integral equation of the object function S(r). Solving for the total eld (r) with known S(r) is a forward scattering problem. On the other hand, solving for S(r) with the known scattered eld (outside the scatterer) is an inverse problem. The forward scattering problem may be solved iteratively using the conjugate gradient method. The forward scattering solution algorithm can be found in several published literatures 12,21] . Here we will focus our discussion on the inverse scattering problem.
A simple solution is to use the rst-order Born approximation, which assumes that the total eld in the object is equal to the incident eld 5]. This is equivalent to the approximation that the scattered eld in the object is much smaller than the incident eld. Under this assumption, the scattered eld can be related to the object function S(r) by a linear relation: 
For the measurement where the transmitters and receivers are in the far-eld region of the object, we can show that the scattered eld can be written as a However, this approximation is valid for weak scatterers only. A scatterer is said to be a weak scatterer if the quantity k b r L is much smaller than 1 19] , in which L is the size of the object. In 6], Slaney et al performed extensive studies of the rst-order Born approximation for the inverse scattering of the two-dimensional dielectric cylinder, and gave criteria for the validity of the rst-order Born approximation. In the numerical result of this paper, we have simulated cases for the noncircular object, and con rmed the conclusion for the rst-order Born approximation given in 6].
There are at least two reasons to apply higher-order approximations to the inverse scattering problem. First of all, in cases that we have no a priori knowledge of the contrast and/or size of the object, higher-order solutions can be used to test the validity of the reconstruction with the rst-order Born approximation. Secondly, in cases where the object size is large, higher-order methods are required to perform the reconstruction.
The distorted Born iterative method (DBIM) is one of the higher-order nonlinear inversion methods to solve the inverse scattering problems. The basic steps in DBIM are given below. For a more detailed discussion on DBIM, please refer to 10,11].
We rst discuss the Born iterative method. It is noted that there are two unknown functions in Eq. (5), the total eld (r) and object function S(r). The basic idea of the Born iterative method is to alternatively x one of them, and solve for the other. (For the method that solves for both unknown functions simultaneously, refer to 20]). To begin, the unknown object function S(r) is assumed to be zero. Hence, the total eld is equal to the incident eld. We then replace the total eld in the integrand of Eq.
(5) by the incident eld, and solve for S(r) ' S 0 (r). Apparently, the solution S 0 (r)
is from the rst-order Born approximation. Next, we replace S(r) in the integrand of Eq. (5) by S 0 (r), and solve for the total eld (r). We then use (r) in Eq. (5) to solve for S(r) ' S 1 (r). These steps are repeated until we get a convergent result.
In this process, the Green's function g 0 is used throughout all the iterations. The distorted Born iterative method di ers from the above in that the Green's function g 0 (k b ; r ? r 0 ) is updated to g(k 1 ; r ? r 0 ) in the rst iteration, and update to g(k 2 ; r ? r 0 ) in the second iteration, and so on, where k 1 and k 2 correspond to object function S 1 and S 2 , respectively.
Note that in the above description of the iteration process, the total eld is solved in each iteration using the last reconstructed object function. Physically, this solution of the total eld can be interpreted as the eld due to a transmitter (a line source, in this case) in the presence of the current media (which is characterized by the last reconstructed object function). This value is nothing but that of the Green's function for the background media in the presence of the object with parameters of the last reconstruction. Hence, this value is saved and used as the Green's function of the next reconstruction. Reference 10] contains more details on the updating of the Green's function.
Di raction tomography uses the Born approximation to compute the object function S(r). The resulting algorithm is very e cient since FFT can be applied. The higher-order methods, on the other hand, are more costly. As a result, fast algorithms have been developed 12] . It has been shown that algorithms with computational complexity of O(N 1:5 log N) per iteration are possible by applying the CGFFT in the forward scattering solution 12,21].
In the following sections, we will demonstrate the use of DBIM to process the experiment and synthetic data.
III. MEASUREMENT
The data are acquired from a Sonic CT device at ThermoTrex Corp., San Diego, CA. Here we will give a brief description to the experimental set-up. Only the parameters that are related to our numerical simulation are given. For detailed information regarding the experiment, readers may refer to 18]. The device consists of 512 transducers that are uniformly distributed on the circular boundary of a tank (Fig. 1) . The tank is of radius R 0 = 21:08 cm and lled with fresh water, with velocity v w = 1500 m/s. The target to be measured is hung by a thin wire (60 microns in diameter) and put into the water. Each transducer may act both as a transmitter and as a receiver. With this set-up, 512 512 data points are acquired for three frequencies.
The transducers radiate as dipoles with the peak always pointing toward the origin. The radiation eld of a transducer can be calculated using the following formula: inc (r R ) = ? i 4r 1 r T H
1 (kr 1 );
where r 1 = r R ? r T , r R is the receiver location, and r T is the transmitter location.
To obtain the scattered eld, the total eld is measured rst. Then the measured eld is multiplied by a calibration constant. Finally, the scattered eld is obtained by subtracting the incident eld from the total eld. Here, the incident eld is calculated using Eq. (7).
Since the radiation (receiving) pattern of the transducers are modeled by dipoles, the measured data are for con guration of dipole transmitters and dipole receivers. The currently-implemented DBIM algorithm requires that both transmitters and receivers be monopoles. Appendix A gives the equations to perform the data transformation. This con guration transformation is solely designed to meet the code requirement for the experimental data. (We are aware that a direct reconstruction using the dipoledipole measurement is possible. However, this is beyond the scope of this paper).
IV. NUMERICAL RESULTS
As mentioned in the previous sections, the rst-order Born approximation is valid for weak scatterers only. In this section, we rst give numerical examples to evaluate the results of the rst-order Born approximation by comparing the images reconstructed by the di raction tomography (DT) and the distorted Born iterative method (DBIM) for the electromagnetic case. The objects used in this simulation are two-dimensional dielectric cylinders with arbitrary cross section. The rst object is shown in gure 2. The dark region corresponds to dielectric permittivity r > 1, and the white region corresponds to background with r = 1 (the size of the reconstruction region is a square of side length 3.84 m). Thirty-two transmitters and thirty-two receivers are equally placed on a circle of radius 8.0 m. The operating frequency is 300 MHz. Figures 3 and 4 are the comparisons of the images reconstructed by DT and DBIM for the cases with r = 1:1 and 1:5, respectively. It can be seen that the di erences are small between the images of the two methods. One explanation is that the multiple scattering has a small e ect on the phase of the eld for such a thin object. When we increase the volume of the scatterers, we can see the di erences 6], as shown in gures 5 and 6. (In these gures, the true object is a cylinder of square cross section with side length 1.6 m. The numbers of the receivers and the transmitters used in the simulation are 32). There are two reasons for the assurance of the independence of the simulation: (a) the reconstruction made using the experimental set-up parameters and the measured data only, and without any a priori knowledge of the contrast and the size of the object. (b) There are a number of ways to solve a forward scattering problem. For example, one can use the harmonic expansion method to solve the scattering problem from a circular cylinder, but use the method of moments as the forward solver in the reconstruction algorithms. The above examples showed that the rst-order Born approximation will give satisfactory imaging as long as the total phase change caused by the object is less than as given in 6]. Here, the phase change is the average value of k b R ( r ? 1) dl, where the integral path is over a straight line through the object.
Next, we apply DBIM to process the ultrasonic measurement data provided by Thermotrex Corp. The rst set of the data is the measurement for a balloon immersed in water. The frequency is 312:5 kHz, which corresponds to a wavelength of 4.8 mm in water. The numbers of transmitters and receivers are both 128, and the reconstruction region is a square with 128 128 grid points (the grid size is 0.6 mm). The reconstructed images are shown in gure 7 (note that shown in the gure is a part of the reconstruction region). The reconstruction with data measured for an egg is shown in gure 8. In this case, the frequency is 468:75 kHz, the numbers of receivers and transmitters are both 256. The reconstruction region is a square with 180 180 grid points (the grid size is 0.368 mm). As a comparison, the DT results 18] for both the balloon and the egg are also shown in gures 9 and 10. (For the egg case, the DT results are the average over three frequencies 343:75 kHz, 406:25 kHz, and 468:75 kHz). The spots in gures 7 to 10 are due to the supporting wire. Note that there are horizontal ips between gures 7 and 9, and gures 8 and 10. This is due to di erent ordering directions of the transmitters for the two reconstruction codes. The reconstruction quality needs further veri cation. At this time, the detailed physical properties of the balloon and the inside material are not available.
V. CONCLUSION
We have conducted numerical simulations using the distorted Born iterative method (DBIM) and the di raction tomography (DT) based on the rst-order Born approximation. The images from the two methods are compared. We also applied both DBIM and DT to process the ultrasonic measurement data. Numerical results showed that DBIM usually gives improved results over DT for cases involving large objects and high permittivity contrasts. where, r is the eld position, and r s is the source position.
A dipole transmitter can be formed by two monopoles with in nitely large amplitude P in di erent signs and in nitely small distance such that P is a constant. With this de nition, the radiation pattern of a dipole with maximum radiation inr s direction can be written as (1) (r) = PH (1) (1) can be written as: (1) (r) 2kP r 1 r s H has been used. Applying the addition theorem to H (1) The dipole received eld is the same as the summation of two monopoles separated by 2 with di erent signs: (1) R = PH (1) 0 (kjr + r ? r 0 j) ? PH (1) 0 (kjr ? r ? r 0 j):
Using a similar manner as in the above section, we can show that (1) R = ?2Pk r 2 rH When the total eld E(r) is solved, the eld received by the receiver can be calculated by (0) (r R ) (1) The dipole/dipole measured data m (1) jk can be written as m Now, it is clear that m (1) jk is the two-dimensional discretized Fourier transform F 2 of X pq H (A.14)
Eq. (A.14) describes the relation between the monopole response to monopole transmitters and the dipole response to dipole transmitters. From this equation, we can see that in order to perform the transformation, the distribution of both transmitters and receivers must be dense enough so that DFT is possible. (r R ) and (1) (r R ) using Eq. (A.4), for r R = r i , i = 1; 2; ; N. 
